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Mr. Perry will be safe to give him better terms for his lighting, should
his heating peak, if one only, not overlap the normal peak
on the system due to lighting. If he had three peaks per
day due to heating, as instanced at Derby, it would still pay
the supply authority to allow one peak to overlap the light-
ing owing to the increased revenue from the day load. It
is not suggested that the consumer should get the whole of
his lighting at the low rate, but a greater proportion than
in Fig. 3. Mr. Peck also raised the question of arcing at
the contacts when the apparatus in use with the switch has
a large self-induction. The switch has been tried under
such conditions and found to work very satisfactorily.

Mr. Wilkinson asked whether the switch had been
actually used in practice. Owing to the unexpectedly early
date of this paper, I regret to say "No," but I hope in a
very short time to give the results of actual working. As
regards the rates proposed, the high rate should certainly
not exceed that charged at present.

Mr. Cramp raised the question of the consumer with a
large number of lights and whether he gets any benefit
from the use of the proposed two-rate system. The object
in view with the proposed system is to meet the rational
demands of an ordinary household, irrespective of the
number of lights. There are hours when only a few lights
are required, but the majority are " necessitated" lights
and are kept on for long hours—such loads are valuable
and a low tariff is naturally offered. But household customs

demand at other hours—all too few—a number of lights Mr. Perry,
approaching the maximum, for which the generating
station must be prepared every day. It is fair to charge
a higher rate for a perfectly logical use. If the same con-
sumer adopts heating or cooking by separate circuits, it is
true that his average rate does decrease for the dual supply,
since heating could not possibly make any headway unless
a low rate were given—and its load factor should warrant
the low rate. It is inconceivable that any ordinary con-
sumer would designedly use only a quarter of his maximum
number of lights in order to gain the low-rate charge.

The answer to Mr. Barlow's question is contained in the
reply to Mr. Wheelwright, and, moreover, much the same
contingency might arise with the instrument on the maxi-
mum-demand system. If it would facilitate matters, a
counter could easily be fitted to the automatic switch, or a
relay indicator placed in some conspicuous part of the pre-
mises to meet the requirements in special cases only.

In reply to Professor Marchant, the private consumer
who is content to make regular payments for his supply,
however used, would probably prefer the flat rate or the
contract rate. Under the proposed system he would cer-
tainly pay no more, and very probably less. Owing to the
decided gravity action, there is no tendency for the switch
to stick on the high-rate side, other than fusing action ;
which contingency has already been discussed. The indi-
cator would at once show a false position.

DISCUSSION ON

THE CHARACTERISTICS OF INSULATION RESISTANCE."*

BIRMINGHAM LOCAL SECTION, 26TH NOVEMBER, 1913.

Dr. Garrani. Dr. C. C. GARRARD : The characteristic shape of the
moisture conductivity curve found by Mr. Evershed is of
great interest, and in view of the microscopical and other
researches given in the paper one is rather diffident of
expressing any doubt as to the underlying theory of
endosmose which seems to fit in excellently with the facts
of the case. I should only like to ask the author if he has
considered whether the phenomenon cannot be explained
on the basis that the conduction of the moisture within the
insulator is electrolytic in character. If two electrodes be
placed in a vessel of water, and a 'gradually increasing
voltage be applied, it is found at first that the current
flowing is very small, but that after a critical value has
been reached the current very rapidly increases, that is
to say the electric resistance rapidly decreases. This
phenomenon, with a single cell, only occurs between zero
pressure and a pressure of, say, 2 or 3 volts, but in a
porous insulator one can regard the moisture as being split
up into a large number of cells in series, so that the
pressure over which the action will be shown might be
several hundred volts, as is the case in Mr. Evershed's
experiments. On this basis could also be explained the
fact found by the author that when the insulator is very

wet the conductivity follows Ohm's law ; for, with a very Dr. Garrard
wet substance, instead of a number of electrolytic cells in
series we only have one, and a variation in resistance over
the first volt or two is of no effect when working with a
pressure of several hundred volts. I do not put this
theory forward in any sense as a rival of Mr. Evershed's,
as I have not had an opportunity to put it to any experi-
mental test. I merely mention it as an alternative sugges-
tion. Possibly Mr. Evershed as a result of his prolonged
work on the subject has sufficient experimental data to
upset it. The electrolytic action might also account for
another phenomenon which I have often observed when
testing the insulation resistance of apparatus, and that is
that it improves if the testing voltage be applied for a
long period.

One outstanding feature of the paper is the impossibility
of using porous insulating materials in electrical machinery.
At the present time these are of course no longer used by
up-to-date manufacturers. The fibrous materials such as
cotton, paper, and the like, are used simply as mechanical
carriers for the insulating compound. The .experiments
showing that even impregnated windings absorb moisture
are remarkable. They do not, however, bring out the im-

Paper by Mr. S. Evershed (see p. 51, No. 224).
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»r. Garrard. portant point that although qualitatively a certain amount
of moisture may be absorbed, yet quantitatively the amount
is too small to do any harm. I am doubtful also whether
the author's results are the best that can be obtained with
impregnated windings when using modern flexible
insulating compounds. I am also at a loss to understand
why in his experiments on oil Mr. Evershed used cylinder
oil. The results would have been more useful if good
transformer oil had been used. The so-called " dry" oil
of Fig. 21 was probably not really dry or I should have
expected a larger change in the resistance. Tobey * has
shown that 0-03 per cent, i.e. 5 or 6 drops of water per
quart of oil, reduces the dielectric strength by 25 per cent.
The dielectric strength is, however, not proportional to
the insulation resistance. In fact the latter is of very little
use in the investigation of the electrical properties of oil.
These are much better studied from the point of view of
dielectric strength against electrical breakdown.

I am not able to agree with Mr. Evershed's statement on
page 64 that on evaporation the electrolytic ions generally
remain behind. If the water be pure the conductivity is
due to the electrolytic dissociation of the water itself into
the ions of hydrogen, hydroxyl, and oxygen. These are in
a state of chemical equilibrium with the water itself and
evaporation does not affect the conductivity. If, however,
there are dissolved salts in solution the evaporation of the
Water naturally increases the concentration of what remains
and this will cause the conductivity to increase. I cannot
but admire the author's resolution of the water into fesist-
ance water and dormant water. This conception will
doubtless prove exceedingly fertile.

In the footnote on page 51 the author somewhat
deprecates the application of flash tests to electrical
apparatus. I have, however, to join issue with him on this
point. In fact I have no great belief, as far as electrical
machinery and apparatus are concerned—I am not speaking
of cables—in specifications which call for an insulation
resistance of a certain number of megohms. What the
purchaser requires is an easily applied test which will
ensure him a reasonable margin of safety against break-
down. In my experience a specification of insulation
resistance will not give this. The only thing which will
do this is to require the application of a test pressure for a
more or less lengthy period. I think I can detect Mr.
Evershed's influence in some of the specifications issued
by the Engineering Standards Committee, especially those
for instruments and meters, where standard requirements
for insulation resistance are given which in my opinion are
useless in ensuring that the purchaser will get a satisfactory
article from the point of view of immunity from insulation
trouble. I quite agree that on high-voltage machines too
high a test pressure is not desirable and is apt to damage
the dielectric. Nevertheless, in principle, the high-pressure
test is the only reliable one. The chief advantage of the
measurement of insulation resistance is that it enables us
to discover bad places in the insulation, and by studying
the variation in the insulation resistance from day to day
faults that are developing can be localized. It is not
possible, however, at any rate in the present state of the
art, to guarantee on the basis of an insulation-resistance
test only, that an electrical appliance has a sufficient margin

• Transactions of the American Institute of Electrical Engineers, vol. 29,
p. 1198, 1910.

of safety to stand up against the usual working practical Dr.Garrard.
conditions. A pressure test is much more useful in this
direction and in my view should never be omitted.

Dr. G. BARLOW : Another model of an absorbent insulator Dr. Barlow,
could be made by closely packing granules of a non-
absorbent and highly insulating material, e.g. sand. The
leakage paths in this case might be expected to represent
the conditions in a porous material much more nearly than
the parallel tube model used by the author. Measurements
of the resistance of porous materials at temperatures low
enough to freeze the condensed moisture might be of
interest. In order to produce such solidification within the
pores one would probably have to lower the temperature a
long way below the normal freezing-point.

Mr. A. R. EVEREST : The author has described some Mr-Eweat-
very interesting investigations in connection with the
objectionable change in insulation resistance of fibrous
or moisture-retaining materials when tested with different
applied pressures, but it is a little difficult to combine these
new theories with the facts already known. Previous
investigations regarding the changes in insulation resistance
have been principally devoted to study of the changes
with temperature. A paper was read before the American
Institute of Electrical Engineers several years ago describ-
ing a research upon the variation in insulation resistance of
fibrous materials with varying temperatures. The sugges-
tion was made that the entrapped moisture exists at the
lower temperatures largely in the form of disconnected
particles, and that as the temperature is increased these
particles split up into smaller particles, increasing the
number of continuous chains through tht thickness of
the material, causing greater leakage, and accounting for
the lower insulation resistance. Other investigations have
shown that when a material of this class is subjected to a
high-potential stress heating is produced, and this heating
in turn by lowering the insulation resistance increases the
leakage losses and causes still further heating. Disruptive
breakdowns occur if the temperature is allowed to exceed
a critical value for the material and potential gradient in
question. If the material is kept cool by artificial means,,
higher pressures are endured without breakdown. A slot
tube of cemented paper or similar fibrous material will
have a certain breakdown value when tested on a tinfoil-
covered wooden mandril, but will endure higher pressure
without breakdown if a solid steel mandril is substituted.
On the other hand, if the temperature is artificially raised,,
the potential gradient sufficient to cause breakdown is
reduced. Again, if a mica barrier is placed so as to inter-
rupt the leakage losses which cause the cumulative heating,
much higher potentials can be endured without breakdown.
This subject was discussed in Mr. Rayner's paper on
" High-voltage tests and energy losses in insulating
materials." * Perhaps Mr. Evershed would kindly indicate
how far it would be necessary to modify his theory in
order to take into account the effects of temperature. I
should also like to ask Mr. Evershed if he has made any
tests upon Bakelite or upon fibrous material treated with
it. Insulation made up with this material shows a much
smaller decrease in insulation resistance with an increase
in temperature.

Dr. M. L. KAHN : Mr. Evershed's paper is of great import- Dr Kahiu
ance as it contains definite statements with regard to the

• Journal I.E.E., vol. 49, p. 3, 1912.
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Dr. Kahn. insulation resistance of electrical apparatus. I have always
felt that this particular feature of electrical apparatus has
not been investigated as much as it deserves, especially as
the insulation resistance is often one of the qualities men-
tioned in specifications for electrical apparatus. It seems
that there are two conclusions which may be drawn
from Mr. Evershed's investigations. The first is that it
is absolutely useless to specify any value of insulation
resistance without stating the voltage at which the
measurement is to be made. Although this has been
recognized by many engineers, the majority of the
specifications issued still omit to state the voltage. As
the instruments by which the insulation resistance is
measured are usually made to give 500 volts, and as it
appears from Mr. Evershed's paper that in the neighbour-
hood of this particular voltage the insulation resistance is
comparatively constant, I should like to propose that this
voltage be adopted as a standard for testing insulation
resistance, if this is to be specified at all. As the author
has made all his tests up to this pressure, it appears that
he also regards this particular voltage as a standard for
insulation-resistance tests. The second point which is
clearly brought out by this paper (although it has of
course been well known to most electrical engineers)
is that the insulation resistance of electrical apparatus is by
no means constant, even if taken at a given voltage. The
variations shown in Mr. Evershed's paper, although they
are very remarkable, are often exceeded in electrical
apparatus. The insulation resistance of such apparatus
can sometimes be increased 10 times or more by a simple
drying process. As the paper clearly shows that the
insulation resistance entirely depends on the amount of
moisture suspended in the insulating material, and as this
is something foreign to the actual apparatus and can be
altered without altering the apparatus in any other respect;
it is quite clear that the insulation resistance is not an
intrinsic feature of the apparatus and should therefore
be entirely abolished from all specifications. The insulating
properties of such apparatus can always be clearly proved
by the usual pressure tests. Insulation tests will of course
always be very useful to determine the state of the insula-
tion of any apparatus at a particular time, or to show if the
apparatus can be subjected to flash tests after it has, for
example, been standing about for some time.

•Mr Turner. Mr. E. O. TURNER : There seems to exist at present great
difficulty in judging the relative merits of similar pieces
of insulating material tested by different experimenters.
Apparently the puncture test is the only one which gives
at all consistent results. On page 61 the author points out
that if a test-piece is carried through a standard course of
vacuum baking and varnishing, its insulation resistance
after some time settles down to about a fairly steady value.
I should like to ask the author whether the succeeding
variation of resistance can be represented as at all a
definite function of the humidity of the air. Were this the
case the insulation resistance, dew-point, and temperature
might be measured simultaneously at a fixed voltage. A
correction could subsequently be made to a chosen stan-
dard of humidity. It would be of interest to know if the
author can hold out any hope of forming a basis for com-
parison of results obtained in this way for test-pieces of
uniform size. Referring to Fig. 1, it seems possible that at
the final part of the curve, near the breakdown point, there

might be an appreciable rise of temperature in the moisture Mr. Turner,
channels—if these still persist—due to the concentration
of the energy loss in a minute volume. In this case the
extremely high negative temperature coefficient of water
might account for the rapid drop in the curve. As pub-
lished figures on this subject are scanty I have drawn up
the following table, giving resistances in megohms per
centimetre cube, to show how large the variation is.

Temperature in degrees C.

Pure water (containing no
CO2)

Distilled water

Tap water

37

0'45

0*014

2 0

25

0*24

O'OI2

40

*s
O i l

0*008

60

5'o

0*06

0005

A local rise of temperature before puncture has been
noticed, particularly in high-voltage alternating-current
tests. It seems possible that with low voltages also a
small effect of the same kind might be observed.

Mr. W. C. S. PHILLIPS : So far the results of Mr. Ever- Mr.
shed's work seem to show that a good non-absorbent
insulator obeys Ohm's law. In the case of absorbent
insulators, the current is not proportional to the voltage,
the irregularity being due to the presence of water—a sub-
stance which does obey Ohm's law within certain limits.
In order to explain this apparent paradox the author
suggests that the exact mechanism of conduction is by
electric endosmose. I should like to know if the author
has conducted any experiments on paraffin wax, as I con-
sider it desirable that his theory should be tested on sub-
stances which can be melted in vacuo. Some recent work
by Swann* may be of interest in connection with this
paper. He has worked at a potential gradient of 50,000
volts per cm. The method adopted by him was to enclose
the paraffin wax between two metal plates A B (see Fig. A)

• - • • - c

m

FIG. A.

which were surrounded by guard rings. The third plate C
was completely immersed in the paraffin wax, which was
heated for some time to 1200 C in vacuo and j;hen allowed
to cool. The plate C was nearer to A than to B. The
method of experiment consisted in earthing all three plates
and guard rings, removing the earth connection and then
momentarily charging C to a high potential. This was
done by passing a wire from a high-potential battery to
the edge of the disc C through a hole made in the wax.
On removing this wire the hole was filled up by locally
melting the wax with a hot wire. Surface leakage was

* Philosophical Magazine, vol. 26, p. 678, 1913.
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Ir. Forrest.

Hr. Phillips, thus completely eliminated. The rate of motion of the
needle of an electrometer connected in turn to A and B
was then noted, and it was found that when C was posi-
tively charged, the plate A acquired a positive charge and
B a negative charge. If the substance between the plates
obeys Ohm's law there should be no change in potential of
either A or B. This was shown to be the case where the
wax was replaced by paraffin oil. Thus the electrometer
only shows that portion of the current which does not obey
Ohm's law, and in some of his experiments Swann calcu-
lates that the current so observed is about 60 times the
current calculated by means of Ohm's law. The total

d vcurrent taken by the wax is some function of -7—, the slopeJ d x' r
of potential. I should like to ask Mr. Evershed if he con-
siders these anomalous results are to be explained by his
theory.

Mr. F. FORRKST : The effect of temperature upon the
insulation resistance of non-absorbent insulators such as
rubber and gutta-percha is very pronounced, and with both
materials a rise in temperature is immediately accompanied
by a serious fall in the insulation resistance. The author
does not deal with this important point in his paper, and it
would be interesting to have his views on this matter.
Gutta-percha cable when submitted to an external pressure
(as occurs when it is laid at the bottom of the sea) shows a
marked increase in insulation resistance, whereas the
samples of paper tested by the author (see Figs. 14 and 15)
showed an equally marked decrease with an increase of
pressure. Can the author explain this difference in be-
haviour ? The only really satisfactory method of testing
the insulation to earth of an electrical machine is by means
of a flash test carefully carried out at a pressure several
times greater than the normal working voltage to earth.
This flash test will show up weaknesses in the insulation
to earth which could not be discovered by any other
method.

Mr. S. EVERSHED (in reply) : Dr. Garrard suggests that
the moisture curve might possibly be explained by suppos-
ing the absorbent insulator to act like a number of electro-
lytic cells in series. This hypothesis occurred to me at an
early stage of the research. It was the subject of a long
series of experiments which all went to show that the
curve was not to be explained in that way. To mention
only one of the stumbling-blocks we encountered : If the
curve connecting applied voltage with the apparent resist-
ance V/I of any number of electrolytic cells in series is
investigated, it will be found that RvIRnv varies from
infinity at the beginning of the curve to unity when the
applied voltage is enough to swamp the back E.M.F. This
follows at once from the equation for the current in a cell,
and is independent of the value assigned to the voltage
ratio ». But the most marked feature of the moisture
curve is that when once the applied voltage exceeds the
back E.M.F. of a single cell by a few volts, the ratio
Ri//R«v settles down to a nearly constant value, which it
retains over a wide range of voltage. In other words the
cell curve and the moisture curve follow entirely different
laws. Quite apart from experiment, however, the hypo-

dr.
Dvershed.

thesis of cells in series breaks down the moment we Mr.
ask ourselves where and what are the electrodes of the ETershecL

supposed cells ? As regards the water-in-oil experiments,
my only object was to ascertain whether in that case water
gave a typical moisture curve or not. The fact that the
cylinder oil already contained some water did not prevent
the experiments from answering the question with a
decided negative. Dr. Garrard and I do not really disagree
about the effect of evaporation on the conductivity of
electrolytes; all that the statement in the paper means is
that in most cases it is dissolved salts which provide the
majority of the ions.

If Mr. Everest will refer to the moisture curves given in
the paper, and reckon the electrical power spent in heating
the various things that were tested, he will find that in no
instance did the power exceed a small fraction of one watt.
The fact is that throughout the whole of the moisture
curve, right up to the point of inflexion, heating is quite
inappreciable. It is only when we come to the second
part of the complete characteristic curve and the break-
down point is rather closely approached, that heating
becomes a serious factor.

Dr. Kahn suggests that we should standardize the testing
pressure. Surely the only reasonable standard to adopt is
one based on the voltage at which the apparatus under
test is intended to work. There is no particular virtue in
500 volts, but the investigation of the moisture curve has
been carried out with that pressure as a maximum, simply
because it happened to be the ordinary limit of our testing
battery. I am providing a pressure of 10,000, and possibly
20,000 volts (continuous current) for the investigation of
the breakdown part of the complete curve.

Replying to Mr. Turner, an absorbent insulator is an
excellent hygrometer, but the cost of the necessary
testing apparatus is a serious obstacle to the adoption
of this method of determining the humidity of the air.

I was much interested in Mr. Phillips's account of
Swann's experiments on the resistance of paraffin wax.
It is difficult to believe that there were any cracks in the
wax, and still more hard to believe that there was any
water present to find its way into the cracks if they existed.
Hence it is hardly likely that the decrease in resistance
with increase in pressure was caused by endbsmose.

Several speakers have defended the flash test on the
score of utility. I have- not denied the utility of a pres-
sure test; on the contrary I regard high-pressure tests
as essential to the maker of electrical plant. What I
deprecate is the blind way in which such tests are
generally conducted. What should we think of the civil
engineer who, having built a steel bridge for a railway,
ran on it as many locomotives as he could collect and.
then shut his eyes ? The engineer who knows what he
is about applies the load, measures the deflection, and
notes the set when the load is removed. It is time we
electrical engineers put our pressure tests on the same
basis. To do that involves nothing more than the use of
a high-tension continuous-current dynamo, with some kind
of current indicator or resistance indicator to give warning
of latent defects in the insulation under test.

VOL. 52.
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WESTERN LOCAL SECTION, IST DECEMBER, 1913.

Mr
Proctor

Mr. H. F. PROCTOR : From what the author has said it
seems to me that in adopting a pressure test it is reasonable
that such pressure test should be applied for a short period
only, but I also think it desirable that all high-pressure
tests should be applied after the normal working pressure
has been applied for almost an unlimited period of time.
The endosmose effect is thus obtained under working con-
ditions by applying the normal pressure and maintaining
it, after which the high pressure should be applied with a
view to ascertaining whether a breakdown results by add-
ing the extra pressure. I should like to ask the author
whether any experiments have been made to ascertain
results with tests carried out by alternating current ? Of
course, as the author has said, continuous current should
always be used for such tests, but it seems to me quite
conceivable that alternating current may give, and from
the paper does give, at any rate to a certain extent, the
endosmose effect, where I presume the capillaries are very
small. I think it would be interesting to have some further
information upon the matter, because so many of us, of
course, deal with alternating current alone. I should also
like to ask with regard to the oil used for transformer work.
A good deal has been said about the use of oil for saturat-
ing materials, and varnish, and the results obtained, but I
think it would be interesting if the author could tell us
anything about oil in its bulk form as used for trans-
former purposes. Have any results been obtained as to
absorption of water by oil, also are there any ready means
for testing oils to see whether water is present or to see
whether oil is of such a nature that it is liable to absorb
water ? Some time ago I had occasion to carry out an
experiment in connection with the introduction of iodine
into the human system, and I rendered the process visible
by passing the iodine through gelatine. The transference
of the iodine was very evident. I take it that the introduc-
tion of iodine into the system by electrical means (Kata-
phoresis) is practically the same thing as endosmose, and
it appears to me just possible that experiments may have
been carried out by the author as regards the transmission
of water through oils. I think that information on this
point would be a matter of very great interest to those of us
who have to use transformers.

Professor Professor D. ROBERTSON : Mr. Evershed's conception
.Robertson. regar(jing the processes which take place inside a moist

material, aided as it is by his ingenious model, must be of
the greatest value to those who have to study the subject
closely. The constancy of the ratio in his characteristic
curves is very remarkable, as is also its agreement with
that determined for his capillary-tube model. Attention
might be drawn to the fact that the value of 2*15, which is
given as the average deduced from Mr. Rayner's tests,
corresponds very closely with the simple law that the
insulation resistance varies inversely as the cube root of
the testing voltage. In connection with Figs. 8 and 9, it
does not seem 'quite justifiable to term the whole of the
variable part of the current " charging current." If the
properties of the material did not vary with time, there
would of course be a charging current in addition to the
leakage current at the moment of switching on, but even
with a battery resistance of several megohms a few seconds
would suffice to reduce this to a negligible amount. Actu-

ally the material goes on yielding with time, and we have professor
the phenomena of absorption and residual charge which Robertson-
make the charging current die away much more slowly.
Here, at least, the author would seem to assume that all the
change is to be ascribed to the capacity effect and none to
the resistance, although in his experiments with his model
he both observed and explained changes in resistance with
time as well as with voltage. Of course what he here
terms the "leakage current" does represent the actual
leakage that would be found with continuous-current
working, but it would probably have no more meaning
for alternating-current apparatus than the usual " after
one minute's electrification." The author's explana-
tion of the action of his model is beautifully simple, •
but almost too good to be true. The action of a
potential gradient on the positively charged water would
be to exert a force on the whole length of the film,
and it is not evident why that should produce any effects
such as those indicated in Fig. 27. With a uniform field
the force would be the same all along the film, and would
produce a bodily movement without any accumulation
at some particular place. To account for the thickening
of the film in this way it would be necessary to assume
that the potential gradient is concentrated at the positive
end, or that the friction is less there than elsewhere. An
increase of pressure of the main body of water at the
positive end would not force the water into the film, but
would flatten the end of the bubble, contrary to the obser-
vations. The author's theory gives a somewhat doubtful
explanation of the film effect, and none of the end effect.
A complete explanation would have to deal with the air-
water surface as well as with the glass-water one, and
would have to take account of the changes produced by
electrification on the effective amount of the surface
tension. An increase of the curvature at one end, as
observed at the positive end A, indicates the occurrence
of one or both of two things, viz.: (1) An increase of the
excess pressure of the inside over the outside of the air
bubble ; (2) a diminution of the surface tension. A flatten-
ing of the end, as at the negative end B, indicates the
reverse of these changes. The first suggestion would
require a negative volume change in the air bubble or
in the main body of the water, or both, in order to produce
the right pressure changes, and it offers difficulties in
accounting for the entrance of water into the film
at a place where the pressure is reduced relatively
to the inside of the air bubble. Surface^ tension
always tends to pull the surface into as 'small an
area as possible, at least when the surface separates
a liquid and a gas. An electric charge on the surface, on
the contrary, tries to repel it out as far as possible, and
that action is the same whatever the sign of the electrifi-
cation. Consequently the observed surface tension is
practically always less than the real surface tension,
because separating surfaces are nearly always electrified,
and materials in contact are at different potentials when
they are in equilibrium. If, as in a capillary electrometer,
we make this potential difference differ from its normal
value, the effective surface tension will be decreased or
increased according as we have increased or decreased
the opposing electrical action. In our model we may
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Professor suppose that the battery makes the water at the positive
Robertson. en(j m o r e p0SitiVe than normal to the air inside, and at the

other end less positive. If, then, the water is normally
positive to the air, in accordance with the author's state-
ment on page 68, the application of the battery will increase
the electrification of the positive surface of the air bubble
and decrease that of the other end. This would reduce
the effective surface tension at the former, and increase
that at the latter, and the result would be exactly the
changes of curvature which the author describes. We
have still to account for the water forcing its way into the
film when the potential difference is applied. For this
purpose we must consider the outer surface of the film.
The surface tension there tends to draw the water over
the surface, but the tension of the air-water surface inside,
in its endeavour to take the spherical surface of minimum
area, tries to squeeze the film out. The thickness of the
film is determined by the equilibrium of these two actions.
Consequently, the reduction of the effective tension
between the water and air at the positive end of the air
bubble enables the external tension to force more water
into that end of the film when the battery is switched on.
At the other end we should expect some of the film to be
squeezed out, which is neither contrary to what the author
says, nor supported by his experiment. We may reason-
ably suppose that the electrical conditions change gradually
from one end of the bubble to the other, and that they will
also change with time as the film grows. In fact, the
growth of the film will have the effect of concentrating
the potential difference on the thin end, thus carrying with
it the region of reduced surface tension, giving the " wave-
front " which the author mentions. It is not by any means
to be expected that the expulsion of water from the nega-
tive end of the film, if it does take place in accordance
with the theory here given, will amount to as much as the
water taken in at the other end, for it is known that surface
tension is greatly modified when the films are very thin.
The alterations produced by electrification on the surface
tension of the air-water surface are thus sufficient to
account completely for the way in which the bubble and
film behave, and they do so much more satisfactorily than
the theory propounded in the paper. It must not be for-
gotten, however, that the real value of Mr. Evershed's
model in assisting us to understand the actions in a moist
insulator does not depend upon the correctness of his own
particular way of explaining why it acts as it does. The
appendix on insulation valves is to be commended as a
clear exposition of the cause of polarity and valve effects
in moist insulators.

ir. Mr. W. A. CHAM EN : This is a most valuable paper but
ihamen. difficult to discuss. One naturally thinks of the effect of

moisture in alternators. I suppose that the ideas we have
hitherto held that porous insulators if kept at a high
temperature, as they nearly always are in electrical
machinery, are quite safe for working, are not wrong.
The information obtainable up to last June was to the
effect that we had nothing whatever to fear from the
use of wet-air filtration. I suppose we are still right
in assuming that while the temperature of the porous
insulator is kept fairly high, say to 2000 Fahr., we have
nothing to fear from the absorption of moisture. I • rather
gather that the only insulators which are not porous, so far
as the author's experiments have gone, are india-rubber,

gutta-percha, and perhaps one or two substances of that Mr.
nature. We have been accustomed to look upon porce- Chamen-
lain perhaps too much as a non-absorptive material,
particularly if well glazed. The author's experiments
with porcelain are therefore most instructive. With
regard to the last part of the paper, I am reminded of
a very peculiar occurrence in Glasgow some years ago.
A continuous-current triple-concentric cable had broken
down. The positive conductor was in the centre, then
came the negative conductor, and the neutral was outside
next to the sheathing but of course insulated from it. All
three conductors were disconnected from the source of
supply and a test was made by connecting through a
lamp any one of the " dead " conductors in the first case
with the positive pole of the supply ; the lamp immediately
glowed to full brightness but rapidly dropped down to a
dull red. The connection was then suddenly reversed so
as to connect the "dead" conductor with the negative
pole of the supply; the lamp at once glowed again with
full brilliancy and then began dropping down to dull red.
This test was repeated several times, always with the same
result. The fault was found to be in the neck of a cast-
iron joint-box, where the lead sheath of the cable was
taken in. It was intended of course to make a really
substantial metallic bond between the cast-iron box and
the lead sheathing of the cable, for the purpose of con-
ducting back any currents that might arise through break-
down. The jointer, however, had wrapped around the
lead, where it passed through the gland of the box, a most
elaborate system of mica sheets, which of course left
capillary passages right through the gland from the damp
earth outside to the interior of the box. I have always
thought it was moisture getting in between the sheets of
mica which gave us that extraordinary effect, but have
never found time to try experiments to prove it. I do not
know whether what the author has told us about his porce-
lain test is quite a parallel to what I observed. I think his
case differs from mine because the insulation of the porce-
lain appears to be always high in the one direction and
low in the other, while I found low insulation in each
direction to start with, which insulation immediately rose.

Mr. A. N. MOORE : Last summer I made some careful Mr. Mo«re.
investigations of wet-air filtration, and also discussed the
subject with engineers who had already adopted it. I
learnt that in one case where a wet-air filter had been
installed the insulation resistance had immediately de-
creased, but it decreased only to a certain point, and for
some nine months afterwards; the humidity being kept

j constant, the insulation resistance did not vary under
ordinary conditions. Whether there is a limit to the
amount of moisture absorbed by the insulating material in
the case of a highly insulated high-tension machine or
of any ordinary generator, and whether the presence of
moisture really matters, provided the quality of insulating
material is such as to render any breakdown unlikely,
assuming the factor of safety is not exceeded, and that
the limit in the amount of moisture present necessary to
bring about a breakdown has not been reached, are
questions which naturally occur to one.

Mr. J. L. WILSON : In connection with the bottom part Mr. Wilson,
of the curve in Fig. 1 where the material is approaching
the breakdown point, it would be interesting to know what
kind of recovery the material makes when that point is
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Mr.Wilson, reached. Information regarding the behaviour at that
point will be of the greatest practical interest when the
author has concluded his investigations. With regard to
the " valve effect" which the author mentions, most of us
know of this phenomenon and when making tests it is
usual to take two readings with the terminal connections
reversed. It is surprising to find such a large difference,
which is much greater than any I have experienced.

Walker ^ r " ^' ^" WALKER : * a m m M l agreement with the
author's remarks in the first part of his paper, and I should
like to mention that what he has given us in such detail in
the numerous curves that are distributed throughout the
paper, practical electrical engineers have known, though
not in such detail, for a very long time ; indeed, since the
early days of electric light. I remember at a meeting of
what was I think then still " The Society of Telegraph
Engineers and Electricians" there was a discussion upon
the insulation of cables. I have forgotten the exact subject
of the paper, but I remember that I opened the discussion
by pointing out that the practice which had been common
up till then and which was advocated in all the text-books,
of measuring insulation resistance with a battery of com-
paratively low pressure, was wrong. I pointed out that if
accurate results were required, results that would be of
any use in laying out plant, the insulation must be tested
with at least the pressure that was to be employed when
the cables, etc., were in use. To my surprise I was fol-
lowed by a number of practical men, telegraph engineers
and others, who had had to deal with the same problems, and
who had found the same results.

I am also in hearty agreement with Mr. Evershed in
condemning " blind tests of breakdown voltage." I have
always considered that while it is wise to know all about a
cable, by testing a representative portion of it to the very
utmost, and breaking it down, it is very unwise to subject
to a very much higher pressure than the working voltage a
cable which has subsequently to be employed for trans-
mitting power. It has always appeared to me that it is
impossible to prevent the insulation being strained, thereby
decreasing the final value of the dielectric as an insulator.
What the author has also worked out in such detail, viz. the
effect of moisture, is what we were all aware of, though we
had not the figures before us : we did not know anything
about the curve that he has given, and we merely knew
that the presence of moisture lowered the resistance of any
insulator, and that the more moisture we allowed to get in
the lower was the insulation resistance. I do not think
many of us knew that the moisture was also subject to the
effect of the higher pressure, although most of us were
aware that with higher pressure we got a lower insulation
resistance. The work which Mr. Evershed has done and
the constants that he has worked out will be of great value.

One of the greatest difficulties with which electrical
engineers have to contend, is the expansion and contrac-
tion that take place with variations in temperature. Un-
fortunately, we cannot avoid variations in temperature ; and
these expansions and contractions will always cause the
openings for moisture that the author has discovered. His
experiments remind me again of my experience in the very
early days of the use of electricity in mines. I remember
the trouble which I had in keeping moisture from moving
contacts. It was not possible to lead wires or cables
through glands, so closely embracing them that moisture

would not penetrate ; and it was only possible by providing Mr.
very wide flanges to enclose contacts so that moisture did W a l k e n

not reach them easily. Water vapour, and water itself,
have very aggravating tricks. For instance, a crack in a
casting that is practically invisible to the eye is quite
sufficient to allow water to find its way through to contacts
which the casting is intended to protect. What I used to
call the "capillary dodge" is made use of. The water
assumes the form of vapour, passes through the crack in
that condition, and condenses on the inside. I found that
the only way to cheat moisture was to give it a very long
path, by having very wide flanges as carefully machined as
possible. I suggest that some of the peculiar phenomena
which Mr..Evershed has found in the tests given in Table I
are due to what I may term the interaction of air and
water. My work in connection with refrigeration, heating,
and ventilating, together with a close study of the way-
wardness of steam, have shown me some of the tricks
which air and vapour together will perform. For instance,
air has a capacity for absorbing water vapour, which
capacity increases very rapidly with the temperature ; and
consequently it may easily happen that a small body of air
is carrying a comparatively large quantity of water, a cer-
tain portion of which it will deposit immediately its tem-
perature falls. On the other hand, water evaporates at all
temperatures, and whether it will evaporate or not depends,
upon, as I think is well known, the difference in the ten-
sion of the vapour issuing from the water and that present
in the air. It will be found, I think, that a similar set of
phenomena take place with the vapour of oil and water>
and air ; I suggest that further experiments should be
carried out on those lines. All mineral oils, it will be
remembered, are more or less composite bodies and
will give off vapour at different temperatures. In the
conditions under which electrical apparatus has to work,
it is never certain when the temperature will rise and
when vapour will be given off. Hence it appears to me
that what may be termed interaction may take place
between the vapour of the oil used for insulation, the water
vapour, and air. If a fall of temperature follows a rise of
temperature it may easily happen that there is a space left,
into which air may penetrate carrying water. I also»
suggest that the peculiar action which the author has
found, that only a small portion of the water present in the
test pad of filter-paper upon which he experimented takes,
part in varying the electrical resistance, is due to the action
of the air. I suggest that interaction is going on there,,
between the air and the water vapour.

There is another very interesting series of phenomena in
connection with liquids, which the modern science of
chemical physics has investigated. The majority of
liquids will dissolve practically all gases ; and when a gas
is dissolved in a liquid it gives up its latent heat of gassifi-
cation, the temperature of the solution being raised in
consequence. Further, the ability of any liquid to dis-
solve any gas decreases fairly rapidly as the temperature
rises. This fact is taken advantage of in one of the
methods employed in refrigeration. It appears to me
again that the oil in the liquid state which is present in
paper, or as the insulation for transformers, for instance,
may alternately dissolve air and water vapour and drive
them out, according as the temperature falls or rises. The
whole matter is very complicated; it demands a large
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amount of study and a great deal of careful experimenting
to investigate it thoroughly, and I for one heartily welcome
the work which Mr. Evershed has done. I hope that he
will continue it.

I have for a long time wanted to carry out an ex-
tensive series of experiments upon cables. My idea has
been to obtain a number of lengths of representative cables
and to submit them to varying pressures; to test them
periodically, and at stated intervals to strip portions of
them. I think that what we want to know is what is
taking place inside cables subjected to different pressures,
both continuous and alternating. There is one other point
which is worth consideration and which I think the author
has not mentioned, viz. the osmotic action of a continuous
current. I think it has been found that the action is
present even with alternating currents, owing to what may
be termed the resultant current. Osmotic action must
take place wherever currents are passing, and it will intro-
duce still another factor into the equation.

Mr. E. B. VIGNOLES {in reply): I am placed in rather an
unfortunate position in having to reply to the discussion
which has taken place, not being myself the author of the
paper. It deals with a very complicated subject, and the
matter is almost as new to me as to members present.
Anything I now say therefore must be taken rather as my
own personal view than as being authoritative answers to
the questions raised.

Mr. Proctor put one or two points. First, whether the
resistance of dielectrics was usually constant. I think the
curves in the paper will show that as far as Mr. Evershed's
observations go, dielectrics, when there is no moisture in
them, do behave in that way, that is to say there is no fall
of resistance with increase of pressure. Mr. Proctor
further suggested that high-pressure tests should only be
applied for a short time and after the material has been
subjected for a long period to normal pressure. Mr
Evershed's view with regard to high-pressure tests is that
if such tests must be made then it is most desirable that
there should be in the circuit during their application
some means of knowing what is the result of what is being
done. Mr. Rayner showed in London a method which he
had developed for ascertaining that, and it impressed me
as being very useful. He subjects the material to an
alternating pressure, say 2,500 volts, and in series he has a
milli-ampere meter with a battery which has to pass a
small continuous current through the insulation material
superposed on the alternating current. The alternating cur-
rent is doing the breaking down of the insulating material,
and the continuous current is showing to what extent it
is being broken down. He showed us curves obtained by
this method, which were extremely interesting, but it
appears only applicable to that part of the characteristic
curve where the insulation is on the point of breaking down.
Mr. Proctor further asked whether tests could not be
carried out by means of alternating current. The diffi-
culty is to get an instrument which is sufficiently sensitive.
I imagine that is the reason why these experiments have
never been carried out with alternating current. The
absorption of water in oil is not dealt with in the paper.

I was very much interested in the remarks of Professor

Robertson on the explanation of the phenomena which Mr.
Mr. Evershed observed under a microscope. I am quite lgno es"
unable to discuss such a complicated matter on the spur of
the moment, but no doubt Mr. Evershed will have some-
thing to say to it when he comes to write his reply to this
discussion. Mr. Chamen alluded to the moisture in ab-
sorbent insulators which are kept more or less constantly
at a high temperature. It seems to me that if the tempera-
ture is above boiling-point of water, it would be impossible
to have condensation of moisture. [Mr. Chamen : I sug-
gest about 200 degrees, which would be below boiling-
point of water.] If below boiling-point I should say there
would be some moisture condensed, but less than at lower
temperatures. The phenomena observed by Mr. Chamen
on cables were interesting, but I could not follow them
in sufficient detail to suggest any explanation. There
may have been something in the nature of valve effect
there, but I doubt it. It looks more like an effect of
capacity.

As to the recovery of resistance of the material on the
lower part of the characteristic insulation curve, I think Mr.
Wilson's remarks are interesting, and when Mr. Evershed
comes to investigate the breakdown part of the curve,
recovery no doubt will be one of the phenomena to be taken
into account.

Mr. Walker pointed out that the general trend of the
phenomena shown by these curves was known. Of course,
that was so; Mr. Evershed points that out in his paper.
But I do not know that I ever saw the complete curve
before. It is quite possible that it has been published, but
I have never come across it. Mr. Walker pointed out that
years ago the question was under discussion whether the
working pressure ought to be used in making tests of insu-
lation. That is quite familiar to me. In 1889 Mr. Ever-
shed introduced a testing set for that very reason, namely,
that he realized that the tests must be made at the working
pressure. He therefore introduced means by which that
could be done. I was pleased to note that Mr. Walker
expressed approval of Mr. Evejshed's condemnation of
blind high-pressure tests. It seems rather brutal to sub-
ject the insulation to a strain which it may not be called
on to bear, unless by so doing it is possible to diagnose
what, if anything, is wrong with the insulation. It is quite
possible that means may be devised for making high-pressure
tests really useful, but I believe it is a fact that at present
there is no instrument which can give us such information
regarding the result of the alternating-current high-pres-
sure or "flash" test as to justify it from the scientific point
of view.

Mr. EVERSHED {in reply, communicated): I need only Mr'
add a few words to what Mr. Vignoles has said, several of
the points referred to having already been dealt with in
my replies to the discussions in Birmingham, London, and
Manchester. Professor Robertson's alternative explana-
tion of the phenomena we have observed in a capillary
tube under the microscope, is of course quite new to me,
and I confess not a little difficult to grasp. It seems at
first sight to add yet another complexity to what Professor
Miles Walker has aptly termed the unruly phenomena of
insulation resistance.
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Mr. B. WELBOURN : I have already taken part in the
discussion on this paper in London, but there are one or
two further points to which I should like to refer. While
the results given in the paper belong to the first part of the
curve in Fig. i, the author says that he is making arrange-
ments to investigate the lower or breakdown part of the
curve. This matter has attracted a good deal of
attention, and I am rather inclined to think that the
problem is not very complicated. It seems to me that as
the number of megohms decreases, the watts lost in the
dielectric heat up the moisture and air and disperse them
until a conducting path is formed which allows sufficient
current to pass to char the surfaces of the conduction
tubes. I would ask Mr. Evershed in his reply to this

method of measuring the insulation resistance of absorbent Mr.
materials after one minute's electrification. We only e urc

regard this as a qualitative test because of limiting factors
of time and space. Referring to the footnote on page 51
regarding the flash test, my difficulty is this, I do not see
what test we are to substitute in the case of any insulator
having absorbent qualities to prove if the particular
apparatus will withstand the sudden pressure rises to which
all electric circuits are subject. I should like to ask if the
author has any practical alternative in his mind to
substitute for the flash test.

The tests set out in the following tables have been made
to show the differences which exist between good and bad
paper-insulated lead-sheathed cables. The continuous-
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discussion to say what he thinks of this theory unless
he prefers not to commit himself at this stage. One great
value of this paper is that it gives us a mental picture of
what is happening in an absorbent insulator. I now have
quite a working conception of the distribution of dormant
and conducting moisture, and of the way in which they
mingle and again separate under varying electrical condi-
tions. In regard to temperature, the author explained at
the Institution that it was not necessary to keep the speci-
mens under uniform temperature by artificial means,
because there was no measurable increase due to dielectric
losses. I would now further ask if the tests described in
the paper were taken at a uniform atmospheric temperature.
In regard to testing, the author refers to the usual test-room

current pressure was applied for five minutes and then the
cable was allowed to recover completely before the next
higher pressure was applied. The readings at 117 volts
are only approximate because of the small scale deflection
of the. galvanometer, and are from one conductor to the
other one " earthed." *

Both these cables stood a pressure test of 4,000 volts
(alternating current) for 15 minutes. The " percentage'
electrification" columns are worthy of study, while the
figures for the insulation after 1 minute and the different
behaviour of the cables at 428 volts are highly suggestive.
A cable showing the characteristics of the second cable
should not be used despite its passing the pressure test.
It is also very interesting to find how curves of the same
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general form can be obtained by raising the temperature
of an absorbent insulator either by heat from outside or
by applying a high alternating-current pressure. If the
insulation is measured every half-hour and the results are
plotted, the curve will be of similar shape to those obtained
by the author, and the ultimate time of breakdown can be
predicted from an inspection of the curve.

Mr. A. P. M. FLEMING : In addition to the exceedingly
interesting mental pictures of the conducting process in
absorbent dielectrics described by the author, there are
two outstanding features in the paper, namely : (i) The
fact that in the so-called absorbent dielectrics the insula-
tion resistance is governed almost entirely by the con-
ductivity of a small portion of the absorbed moisture.
(2) That the insulation resistance of the dielectric
diminishes according to a more or less definite law as
the voltage at which it is measured increases. While most
of us who have had to deal with the subject of insulation
have been generally aware of these characteristics, I think
that very few have appreciated their magnitude as clearly
as has been set forth in this paper. I have only one
criticism to make in connection with the measurements
recorded—I can find no mention of the temperature con-
ditions under which the investigations have been carried
out. It is possible that the author's familiarity with the
importance of temperature in connection with insulation-
resistance measurements has led him to assume that
everybody equally appreciates its importance. I mention
this matter because one often finds engineers making com-
parative insulation-resistance measurements, especially on
machines, quite irrespective of temperature, unaware of
the fact that a few degrees' difference in temperature may
alter the insulation resistance a hundredfold. I think that
probably the cable-makers will have many interesting
things to say about the paper itself, since insulation resist-
ance plays an important part in their products. Viewed,
however, from the standpoint of the manufacturer and
user of electrical machines, I hope that the really good
work embodied in this paper will not be misinterpreted
to be other than valuable research work which will serve
as a stepping-stone to a better knowledge of the properties
of dielectrics, and that the paper will not be loaded with
more than it is intended to bear. Ten years or more ago, it
was usual for buyers of electrical machines to endeavour
to safeguard the quality of the insulation employed by
specifying a high insulation resistance. Similar machines
might be called upon to show a resistance of 20 or
200 megohms according to the ideas of the buyer—who,
however, often neglected to specify such refinements as
whether the measurement was to be made with the
machine hot or cold—and to get such figures the manu-
facturer had carefully to dry out his machine often to the
point of mechanical disintegration of the insulation.
Nowadays, the modern counterpart of that machine would
undergo no such treatment, and the insulation resistance,
if measured at all, would be found to be probably of the

" order of a megohm or less, according to the size and
voltage of the machine. A machine under these conditions
is likely to run just as safely and have a far greater life.
Electrical manufacturers and most users have in the mean-
time realized that the real value of the insulation-resistance
measurement is to afford a rough indication of the dryness
of the materials and of the cleanliness of exposed surfaces.

The resistance measurement does not detect mechanical Mr.
flaws, and, moreover, if it were possible to do away with Flem ng

all solid insulation and space the conducting parts away
from ground by an air-gap of, say, a few mils, the insula-
tion resistance would be infinitely high, but the machine
would fail under normal running voltage. On the other
hand, a pressure test does serve to pick out local weak-
nesses such as mechanical flaws, and in a limited way also
indicates the sufficiency and quality of the insulation
employed. A far better way of ensuring satisfactory insu-
lation is to insist on a rigid examination of the design,
materials, and workmanship employed during the different
processes of manufacture, and rely on this rather than on
an insulation test. As distinct from cable work, there
are in electrical machines so many alternatives, insulation
paths, and such a variety of mechanical defects possible,
that there appears very little prospect of obtaining an
instrument suitable for detecting incipient faults, prior to
actual breakdown. Further, if such faults could be
detected, it would probably be better in most cases to pro-
duce a definite and unmistakable failure by means of a
breakdown test, since the repair has to be effected in
either case.
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In describing the behaviour of the ingenious model
insulator, the author is able to show how the process of
moisture dispersion goes on. This process is most im-
portant, and a number of cases occur in practice which
bear out his interpretation of the phenomenon. I have in
mind the behaviour of some large 5o,ooo-volt transformers
which were dried out prior to pressure testing by circulating
hot air through and around the windings. The insulation
was measured between the high-tension and the low-
tension windings and earth from time to time as the
temperature was raised, and the curve shown in Fig. B
herewith was obtained. The part marked " a " represents
a drying period of about 12 hours during which time the
temperature was raised from normal to about 950. The
temperature was maintained at about this point for 72
hours, during which time a further marked decrease in
insulation resistance as shown by the part " b" of the
curve was obtained. At the end of this time the insulation
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resistance rose very rapidly to a very high value beyond
the range of the measuring instrument. In the first of
these stages the moisture begins to be expelled into the
main conducting channels ; in the second stage this pro-
cess is continued and completed, and in the third stage the
moisture becomes evaporated from the insulation. The
insulation consisted of fibrous material impregnated with
insulating varnish, and these drying tests were carried out
prior to the immersion of the transformer in oil.

From a number of pressure tests that were made, it was
found that during the stage represented by "a," the
apparatus just failed to meet its specified pressure test.
During stage " b," the insulation failed at a considerably
lower voltage, and during stage "c" the pressure test was
withstood without any trouble whatever. These curves
are generally typical of all windings insulated with fibrous
material, and in addition to illustrating the dispersion of
absorbed moisture show that a certain amount of drying
may actually weaken the insulation as regards its ability to
withstand a pressure test ; it is only when the drying has
been carried beyond a certain stage that any benefit is
obtained. I should like to know whether the author has
tested the absorption of moisture by materials impregnated
with varnishes of the linseed-oil base variety, since, with such
varnishes, expansion of the base occurs as the solvent is
•dried out and oxidation proceeds. One would expect in
such cases that the absorption would be less marked than
with other types of varnish. I should also like to know
•whether the author has compared such tests with those
obtained on materials impregnated with solid bituminous
compound, under vacuum. While such compounds have
a considerable coefficient of expansion, and moisture
absorption is likely to occur due to the " breathing " action
which takes place with changes in temperature, my
experience has been that such treatment affords greater
immunity from moisture absorption than the usual varnish
treatment. With reference to the typical conduction curve
shown in Fig. i, I note that the material employed was
cotton in its undried state. I venture to think that had
a composite dielectric such as is ordinarily employed for
the insulation of electrical machines been used, the point of
inflexion would have taken place with a potential gradient
of the order of say five times greater than that shown, and
while the first part of the curve would probably not have
changed its shape to any great extent, the ultimate dis-
ruption would have occurred at a very much higher voltage,
and the first and second portions of the curve would
have been joined by a more or less straight and nearly
horizontal line, this portion indicating a fairly wide range
of potential gradient over which the conduction is approxi-
mately stable. A pressure test can be safely applied to
such insulation provided it falls within, what has been pre-
determined by experiment to be, the stable portion of the
curve.

Professor MILES WALKER : Those engaged on the insula-
tion of electrical machinery arc greatly indebted to Mr.
Evershed for this work on absorbent insulators, because
he has succeeded in reducing to law and order a most
unruly set of phenomena. Those who have had to do with
fibrous insulators have always regarded the insulation
resistance as something so uncertain and changeable that
they had given up hoping that any law would apply, and
they therefore trusted more to puncture tests, which are

somewhat less uncertain, though still far from being satis- Professor
factory. The experiments that relate to the fraction of
the moisture in a moist specimen which takes part in the
conduction are especially interesting. I, in common with
many other people who have observed the serious way in
which a microscopical amount of moisture affects insulation
resistance, would have thought that if anything the water
present had more than its normal conductivity, but it
appears that on the contrary only a few millionths of the
water present does the work of conduction. One wonders
whether the cases calculated by the author would have
given the same results if the water used had not been
of such a low specific resistance. If, for instance, the
pad of blotting-paper had been moistened with pure water
of very high specific resistance would not the insulation
resistance have fallen by an amount almost as great as in
the specimen cited. If so, the calculation as to the amount
of water taking part in conduction would be upset. One
knows that when moisture is distilled from the atmosphere
it greatly lowers the insulation resistance, notwithstanding
the fact that it may be very pure water. It would seem as
if water spread in thin films on cellulose surfaces some-
times had a higher conductivity than the same thickness
of film would have if regarded only as pure water. There
is one point that is not explained in the paper. Why should
we have an almost constant ratio (about 2) between the
resistance at 50 volts and the resistance at 500 volts ?
Assuming that the theory put forward by the author is
correct, we still have an enormous number of variable
conditions which one would expect to alter the ratio.
Such things as the different nature of the materials, which
would affect the surface tension, the different shapes of
surfaces, which would affect the amount of endosmose,
the conductivity of the film, and the variation of the
potential gradient as a function of the applied voltage.
If the author can explain how it is that notwithstanding
all these and other variables we might expect to get a
constant ratio such as he has shown to exist, he would
go a good deal further to establish the theory which
from his results seems to have a good deal of probability
behind it.

Mr. J. S. PECK : With regard to the various " moisture " Mr. Peck.
curves, I should like to know how long a time elapsed
after the voltage was applied until the resistance measure-
ment was taken, as I understand from Mr. Welbourn that
if a certain voltage is maintained on a dielectric the insula-
tion resistance decreases with time along a curve exactly
similar to those shown in the paper. Does this apply only
when a certain critical voltage is reached, or does it apply
for any voltage ? If it applies for any voltage, I do not see
how the curves given in the paper can be determined unless
a very great time has been allowed to elapse between the
different points in the curves. As to Fig. 1, I should like
to know if, after the critical point in the curve has been
passed and the voltage is maintained constant, the insula-
tion resistance gradually drops to zero. As to the " bar-
baric" flash test which has been referred to, the Megger
is often used to show whether insulation is in proper
condition before subjecting it to this test. We know, for
instance, in any line of machines that if the insulation
resistance is much below a certain average value the
insulation is in bad condition, and it will not be safe to test
it under those conditions; we then use some method of
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Mr. Peck, cleaning the surface or drying out the insulation to make
as sure as we can that the insulation is in a sound condition
before applying the flash test. In my opinion the greatest
value of the paper lies in the clear mental picture which
the author has given of the action which goes on in a
dielectric under stress. To me, and I think to the majority
of engineers, a mental picture is of far more value than a
mathematical formula.

Mr. Beaver. Mr. C. J. BEAVER : I think it is clear that the characteristic
curve of cotton is also characteristic of all absorbent materials
that are capable of holding water in an interconnected
cellular structure. The author has dealt fully with the
first part of the curve in his paper, and promises future
investigation of the third or breakdown part of the curve.
I think that the second part of the curve depends largely
for its length and angle on whether all the moisture has
been driven out of the material or otherwise put out of
action. In the presence of moisture, what happens during
this part of the curve is that the moisture becomes electro-
lysed, and the electrolytic products formed will tend to
produce paths of comparatively low resistance through
which current will pass until the conditions merge into
the third part of the curve by incipient charring. A great
deal depends on the amount of moisture- present. If
moisture is absent, breakdown can only be caused by
dielectric stress. To take the other extreme, a dielectric
which is sodden with water is extremely difficult to break
down under a high-voltage test, because the dielectric
behaves like a high-resistance conductor. Several speakers
have referred to the flash test, and as there appears to be
some confusion of ideas on the subject, I think it is neces-
sary to draw a distinction between the flash test as used by
machine and transformer builders, and the high-pressure
test as used by cable-makers. A flash test usually consists
of a very short application of a very high pressure, whereas
the other consists in applying a high pressure for a long
time. In cable tests any required amount of " trim " can
be provided at the cable ends, and precautions can be
taken against the possibility of brush-discharge effects
causing breakdowns at the ends. Machine and transformer
builders have no such facilities for virtually extending their
terminals, and under their testing conditions therefore the
time element can only be allowed to enter into their test
to a limited extent. The flash test therefore should not be
utterly condemned, because it has well-defined uses.
For accurate determination of breakdown pressures, how-
ever, the time element must be provided for.

The form of curve which is stated in the paper to be
characteristic of moisture phenomena applies only to those
substances containing water which are of such cellular
character that the water can move in the capillary passages.
Figs. 21 and 22, which relate to cylinder oil containing
moisture and undried oil-impregnated paper respectively,
afford a clear demonstration of this point. In the former
case we have a homogeneous mixture in which the water
though capable of being concentrated electrostatically is
not capable of being driven in definite paths. In the latter
case the oil has not displaced the moisture in the paper, and
the sample therefore behaves like any other substance of
cellular structure containing water. The subject of moisture
in impregnated paper as used for cable insulation has been
mentioned both by the author and one or two other
speakers, and I gather that an impression exists that all

moisture is not expelled from the paper in manufacturing Mr. Beaver,
paper-insulated cables. In the interests of accuracy this
impression really must be corrected. Before impregnation,
paper contains a certain percentage of hygroscopic moisture,
but its vegetable structure does not contain any constitu-
tional or chemically combined water, i.e. it consists of
celluloses, and not cellulose hydrates. The hygroscopic
moisture is easily expelled by heating, and the paper is
then in a perfectly dry condition physically and chemically.
Brittleness is not produced by over-drying, as has been
stated, but by over-heating. Perfectly dry impregnated
paper is not brittle ; in fact, it can be easily demonstrated
that its tensile strength and elasticity are appreciably
greater after impregnation than before. In conclusion, I
think the broad lesson which the author's results have
demonstrated is that all absorbent insulators have their
limits of application. They would appear to be per-

| missible in cases where the first part of the author's
' characteristic curve merges into a horizontal line, i.e. where

the conditions are such that absorbed moisture can be
readily expelled under working conditions, the limit in
such cases being the dielectric strength of the material. If
the moisture is not expelled we shall get electrolytic effects
rapidly leading to breakdown at much lower voltages than
would be represented by the dielectric strength of the
moisture-free material. The combination of absorbent
insulators in series with non-absorbent insulators naturally
forms a compromise which for many purposes would be
found quite satisfactory.

Mr. W. CRAMP : If there is one thing that stands out in Mr. damp,
this paper more than another, it is the keen sense of order
of magnitude displayed. There is no attempt to drag in
last decimal points where results do not sanction such a
procedure. This is a lesson which we ought all to take to
heart when writing papers which are called scientific or
technical. I must differ from Professor Miles Walker on
the use of the word " hysteresis." " Hysteresis " means
simply " lag," and has intrinsically nothing to do with
energy. The loss due to electrical and magnetic hysteresis
is an energy loss, and thus the word is sometimes assumed
to refer to energy only, without any real justification. Lag,
and in particular cyclical lag, is denoted by the word
" hysteresis " as a phenomenon. The energy corresponding
thereto should not be called hysteresis only, but hysteresis
energy, or hysteresis loss. On page 56 the author draws
attention to two diagrams, Figs. 8 and 9, and he points out
that the " one-minute electrification test" is really no
measure of anything at all. It seems to me that the
effect of this paragraph will be to change entirely the
specified tests of cables or machines now subjected to " one
minute's electrification." I would ask the author to suggest
in place of the " one minute's electrification " some test
giving a more satisfactory indication of the insulation
properties. On page 57 the author says " leakage through
dielectric rubber is nothing, leakage at the fittings is every-
thing." This is perfectly true under the conditions men-
tioned in the paragraph, but, in testing a cable, leakage
through the rubber is just what should be measured. For
when all surface leakage has been got rid of there remains
the necessity for a test on the rubber or paper to make
sure that particles are not present which may conduct. I
agree entirely with what Professor Walker has said regard-
ing the shape of the resistance-pressure curves. It seems
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Mr.
Cunliffe.

Mr. Cramp, to me that the explanation put forward by Mr. Eyershed is
ingenious and correct as far as it goes. But it is well
known that in capillary tubes the spaces between the
dormant masses are filled with vapour of the fluid and
that fluid can conduct; in this case there is no reason why
conduction should not go on in the vapour as well as along
the films.

In considering the insulation of electrical machines the
use of enamel suggests itself. It is well known that con-
ductors have been covered with flexible enamel for certain
purposes. If the conductor of a dynamo were enamelled
before it was otherwise insulated, would it not help very
much to solve the moisture problem which the author has
put forward ? Sometimes insulation can be arranged in
such an open way that it is possible to get air currents right
through the various layers. In such cases the paper sug-
gests that a better insulation test would be obtained than
if the air spaces were filled with non-conducting material.
Does the author agree with this ? Recently a motor was
supplied to me which was supposed to have a temperature
rise of 750 F. ; but on test it showed a rise of 940 F. When
I objected, the manufacturers pointed out that they knew
the motor was to be installed in a damp place and they had
designed the machine with this temperature rise to counter-
act the atmospheric conditions. Such an excuse, though
really indefensible, does seem to be suggested by the paper;
and it raises a very interesting point, viz. Is insulation when
in a condition of high resistance nearer to its breakdown
or further from it? If the latter, then a case for a high
temperature rise in damp situations is made out.

Mr. R. G. CUNLIFFE : The main factors affecting the
value of insulation resistance, given in order of importance,
are the effect of moisture, the effect of voltage, the effect of
polarity, the effect of mechanical pressure, the physical
structure of the material, and the extent to which the
material absorbs moisture. In many standard cases absorp-
tion tests are specified in addition to flash tests and tests of
insulation resistance, and in some cases flash tests are
carried out with the insulator under mechanical stress.
The test results given by the author are all obtained by
the application of low electrical pressures, and it would be of
interest if results were given for higher pressures, especially
for extra-high-tension insulators such as porcelain, mica,
etc. No mention is made in the paper of the effect of time.
Are the characteristic curves shown in Figs. 2 to 23 ob-
tained after definite time intervals for each application of
pressure ? If so, what are the intervals, and what is the
variation in insulation resistance with time, for a definite
constant pressure ? If a model insulator be constructed by
filling a glass trough with fine sand and placing two metal
electrodes at the ends of the trough the resistance is found,
ultimately, to increase owing to the moisture being driven
from the positive electrode by endosmotic pressure. Fig. C
herewith- illustrates the case and shows the variations of
the potential gradient at all points between the electrodes.
The full line represents the gradient at the moment of
switching on, and the successive broken lines the shapes
taken by the gradient curve as the time of application of
the pressure increases. It would appear from the test
results and materials used that the author has not caused
the moisture in the samples to flow bodily, but that there
are reservoirs continually supplying the pipe lines formed
by the conducting paths. Probably the conditions are

different for solid bodies and sand or powdered insulators Mr.
and possibly different again for fibrous bodies where the u n i e'
fibres themselves are not impermeable to moisture. The
loop referred to in Fig. 2 as the hysteresis effect certainly
represents an interchange of energy, the air bubbles in
Fig. 27 being compressed whilst the electrical pressure is
applied and expanding when the pressure is removed.

FIG. C.

The relatively immense frictional resistance at the walls of
the capillary channel produces the time-lag observed. The
constant, the value of which is marked on the curves, is
very interesting, and an explanation of the reason for the
particular value would be of interest. Possibly if experi-
ments were carried out with very dilute solutions of stan-
dard electrolytes forced into the insulating material, other
values of the ratio would be obtained which might indicate
the reason for the particular values.

Mr. G. HUTTON WILSON : This paper is of special inter- Mr.
est to Manchester engineers as the words "Manchester," Wllson

"cotton," and "dampness," are almost synonymous. I
have had to dry out a number of armatures and have often
found that after stoving all night the insulation resistance
is very low when the armature is still hot, but shows no
leakage as soon as the armature has cooled down. Prob-
ably this is due to surface moisture which evaporates as
the hot armature is brought out into the cold air. The
author has clearly proved that moisture is always present
in windings of every kind, whether varnished or not,
and yet the insulation resistance to the frame may be
as high as 10 or 20 megohms. Deterioration of the
cotton covering of windings, such as field coils and arma-
tures, is generally regarded as the effect of heat and
moisture, and I can only call to mind one insulating
material which is not deteriorated by heat and moisture.
This insulation is aluminium oxide, and instead of causing
deterioration, heat and moisture can increase its value, thus
having a preserving effect instead of a deteriorating one.
Aluminium field coils were referred to in a student's paper
last year by Mr. A. T. Robertson.* In a footnote to that
paper it was stated that the deductions as to aluminium
coils were purely theoretical. Aluminium coils, however,

* Journal I.E.E., vol. 51, p. 859, 1913.
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Wilson.

are now a thoroughly proved success and are used very
extensively on the Continent, in addition to a number of
coils now in service in this country both for tramway and
other work.

Mr. Creiiin. Mr. H. M. CRELLIN {communicated): With reference to
the author's theory that the shape or form of the charac-
teristic curves showing the relation between the dielectric
resistance and voltage is due to the presence of moisture,
I would point out that this apparent decrease of dielectric
resistance with increase in testing voltage was shown by
Appleyard, in a paper read before the Physical Society,*
to be due to imperfect contact between the dielectric and
the electrodes. With voltages up to 750, and tinfoil
electrodes pressed against the dielectric by rubber discs
loaded with 22*3 grammes per sq. cm., he obtained a
curve similar to those described by Mr. Evershed as a
" typical moisture curve." Increasing the load on the
electrodes to 543 grammes per sq. cm. the dielectric resist-
ance was found to be practically constant at all voltages up
to 750. Further, on trying mercery electrodes (unloaded)
a practically constant resistance was again obtained at all
voltages up to 750. Further proof of this explanation is
afforded by the results given in Section 6 of Mr. Evershed's
paper, in which the author states that several kinds of oils
and varnishes were tested, and " in every case Ohm's law
was followed, the resistance proving to be a constant
quantity." Again, in Section 8 of the paper, two cotton-
covered wires after being wound on a porcelain bobbin and
impregnated with varnish by the vacuum method were
found to have a constant resistance at all voltages—results
due, in my opinion, to the more perfect contact obtained
between these dielectrics and the electrodes. Then why,
it might be asked, does this last test piece (impregnated
cotton-covered wires on porcelain) after 9 days' exposure to
the air give a " perfectly normal moisture curve " ? The
key to this is given in the last paragraph of Section 8, viz.
expansion and contraction of the windings—causing im-
perfect contact between the electrodes and the dielectric,
or, more probably, crevices in the dielectric, which, by
interposing air-gaps give the same effect of apparently
lower resistance at the higher voltages. With reference to
Fig. 16, it might on first thought seem that contact between
the electrodes and the dielectric at such high loadings
as 30 to 40 lb. per sq. in. should be perfect enough, but it
must be noted that Appleyard found that 543 grammes
per sq. cm. (773 lb. per sq. in.) was necessary to establish
satisfactory contact with far more flexible electrodes than
those used by the author. The more rigid copper plates
used by the author cannot be regarded as sufficiently flat to
exclude all air-gaps from between the electrodes and the
dielectric, and thus ensure perfect contact at all points
between the surfaces of the dielectric and the electrodes,
particularly so in view of the experiments of Dr. Shaw on
the Disruptive Voltage of Thin Films, the results of which
were given in a paper read before the Physical Society,!
in which he found, using the electric micrometer, that such
a small air-gap as one micron (= 1/25,000 in.) will withstand
a pressure of over 200 volts, and that i£ microns of air will
withstand nearly 300 volts before breakdown across the
gap occurs. Whilst I heartily congratulate the author on
the large amount of really useful information which he has

* Proceedings of the Physical Society of London, vol. 19, p. 724, 1905.
f Ibid., vol. 20, p. 289, 1906. |

given us as regards actual test results obtained in practice Mr. Creiiin-
on various windings and apparatus, I disagree with his
theory that the apparent decrease of resistance with
increase in testing voltage is due to moisture, the phenomena
being, as Appleyard puts it, merely a surface effect that
can be greatly reduced, if not entirely eliminated, by
ensuring perfect contact with the electrodes.

Mr. L. B. ATKINSON {communicated) : In view of the M«-.
. . . . . 1 Atkinson.

fundamental importance of " insulation to electrical
engineers, and of the much smaller attention which
" insulation " has received than " conduction," the paper by
Mr. Evershed is a welcome opportunity for an exchange of
views thereon. The paper is of a twofold nature ; first, a
record of careful experiments with all kinds of materials,
extending over several years; and, further, the author has for
the first time indicated, and to my mind proved, the cause
of the phenomena observed with the majority of commer-
cial insulating materials. His explanation of the variation
of insulation resistance with the applied voltage is a per-
manent addition to our stock of knowledge, and should
form the starting-point for improvements in insulation. He
must also be congratulated on the clear mental picture of
what takes place in insulating materials. It has long been
known that insulators were of two classes—homogeneous,
such as rubber, wax, and glass ; and heterogeneous, such
as cotton and air, paper and oil, etc., and though the
superiority of the former has been recognized, the require-
ments of thin layers of flexible materials have led to the
wide adoption of the latter class. It may be useful to com-
plete the mental picture the author has given us by
considering the structure of such materials and their bear-
ing on the problem. The materials such as cotton, paper,
press-pahn, and the like, are composed of natural cellulose
matter, the growth of plants, and like all such cellulose
matter are the solid matter composed of carbon, silica, etc.,
forming the framework in which cells of protoplasm have
once lived. These cells, depending on the material, are of
all sorts of sizes and shapes. In the case of cotton-seed
fibres the cells are single filaments, and the envelope forms
a tube with a fine hole through it; in the case of wood-
fibres the cell coatings are of almost round, hexagonal, or
other shape. These cells are very .minute. From an
approximate measurement I have made under a micro-
scope, a fibre of cotton measures about 1/5,000th part of an
inch in diameter, and the central bore averages perhaps
one-third of this, or say 1/15,000 in. in diameter, i.e. 00016
millimetre.

We speak of these materials as hygroscopic. Now what
do we mean by a hygroscopic substance ? We mean that at
a given temperature when the vapour pressure of water in
a space is less than the saturated pressure corresponding
to such temperature, water condenses on such a material.
To what is this due ? Partly, apparently, to the nature of
the material, and partly, as Lord Kelvin suggested in 1870,
to its form. Thus glass will have a layer of moisture on it at
a temperature at which shellac will not. The quantity of
water in the normal film of moisture on glass above the con-
densation temperature has been measured by Mr. W. H.
White to be equivalent to a uniform film 000001 cm. thick
or about twice as thick as the film measured by the
author as existing in the tubes of his model. This film has
apparently some connection with the chemical attraction
of glass for water, all glass being soluble in water. But
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iftki apart from hygroscopic substances of this class which
depend on the low vapour pressure of hydrates, there is
the hygroscopic property arising from "form." When we
have to deal with minute liquid surfaces such as are
presented by very fine drops, the vapour pressure on such
a surface at a given temperature is higher than that on a
plane surface ; when we have a concave surface the vapour
pressure is lower than that on a plane surface. Con-
sequently if any film of moisture exists in a tube or
spherical cavity of small internal radius, further moisture
will condense at a temperature at which the air is not
saturated with moisture. In a spherical cavity one-
millionth of a millimetre in radius, i.e. 1/500,000 mm. in
diameter, the vapour pressure at a given temperature is
halved ; in a tube of the same dimensions the effect is
half that of a spherical cavity, and this lowering of vapour
pressure is inversely as the diameter. If we take the case
common in England of a temperature of 550 F. and an air
saturation of 81 per cent, then the saturation vapour pres-
sure being 0433 in. of mercury, the actual vapour pressure
would be 0349 in. of mercury. In order that the vapour
may condense, the surface on which the vapour condenses
must have a reduced vapour pressure in the ratio of these
numbers, and this, if a spherical cavity, will be 1/100,000
mm., say 4 millionths of an inch. Comparing this with the
dimensions given above of the bore of a cotton thread, it
is clear that if the hygroscopic property is due to the con-
densing effect of the small radius of curvature of cavities it is
not that of the main cavity. But it may be that this main
cavity has openings through the cell wall of smaller
dimensions, and that to these the observed effect is due.

The author remarks, " when condensation takes place on
the surface of a solid body, it first makes its appearance to
us in small detached drops, etc." This may be true of its
visibility, but if the substance is one which water wets, then
probably this is the secondary effect. A uniform film is
first deposited, slight unevennesses cause differences of
surface tension, and the film breaks into drops. The case
cited by the author of the drops on a spider's web is a
case of this kind. It is possible, therefore, that the
mechanism of the hygroscopic property and of the formation
of plugs and layers of water in the fibres required by Mr.
Evershed's theory is as follows : The exceedingly fine
perforations of the thread admit moist air, and by their
form and dimensions they provide a surface of lower
vapour pressure and condense a layer of moisture. This
by surface tension is drawn into drops that fill the
cross-section of the tube with a plug and leave the film in
between the plugs. It may be that the explanation of
why we do not succeed in filling the material with oils
and varnishes is that these materials are too dense and
viscous to enter the capillary bores, and even water
would be were it not that it evaporates and enters
them in a gaseous form. And the re-appearance of the
moisture curve in dried and oil-impregated materials
may be explained by the absorption of moisture by the
oil, its transference thereby to the surface of the
cellulose material, its re-evaporation there, and its enter-
ing in gaseous form and recondensation in the still
unfilled capillary openings.

Evershed M r - St E v E R S H E D ('" rePl>> '• ! agree with Mr. Welbourn
that the phenomena of the breakdown part of the charac-
teristic curve are not likely to be so complicated as those

of the moisture curve, but I think it would be rash at the Mr.
present stage to assert that the rise of temperature, which
begins to be appreciable as the curve approaches the
breakdown point, is due solely to the power spent by
the leakage current in the moisture films. Referring to the
curve in Fig. 1 it will be noticed that by the time the
region of inflexion is reached the potential gradient is
quite high enough to produce a brush discharge from one
electrode to the other. Here then is a far more dangerous
mode of heating already at work. Mr. Welbourn asks me
to suggest some alternative to the pressure test. I have
dealt with this question in my replies to the discussions in
Birmingham and London, and will only now add that
Mr. Welbourn has answered his own question as regards
paper-insulated cables. He gives us the tests of two
cables both of which passed the pressure test, and both
would doubtless have been passed as satisfactory, but for
the significant fact that one of them betrayed the presence
of too much moisture by giving a typical moisture curve.
It is obvious from the figures in Mr. Welbourn's table that
at the end of the 5th minute the charging current had not
entirely died away, but it was already quite small com-
pared with the true leakage current and the figures for the
5th minute may be plotted as voltage-resistance curves
without much error. The tests on the concentric cable
are rather discrepant and the ratio RJRIOT, can only be
stated as somewhere between r i and 1-35, but the other
cable gives an excellent examp e of a moisture curve with
a ratio RvlRt0V of about 3 ; a useful test, made with our
eyes open, and telling us something about these cables
which the pressure test failed to disclose. But for all that
I would not abandon the pressure test. I only want to
improve it.

Mr. Fleming raises the question of temperature as
affecting the tests recorded in the paper. Air tempera-
tures were invariably noted ; but as a general rule no
appreciable change took place during the course of a set
of observations on a test-piece, the temperature of the
experimental room being fairly uniform. Occasionally a
protracted test might begin and end at temperatures
differing by three or four degrees, but I have rejected all
such tests if there was any likelihood of the temperature
change masking the significance of the experiment. Any
appreciable rise of temperature due to heating by the
leakage current was obviously out of the question ; take,
for example, the curve given in Fig. 2. At 500 volts Va/R
is just i/4oth of a watt and this was being spent in the
armature of a 20-kw. dynamo ! As to the various test-
pieces, none of them had less than 30 or 40 sq. in.
of radiating surface, quite enough to dissipate a small
fraction of a watt without any appreciable heating. As
regards local heating, rise of temperature in the moisture
films, I can only give the conditions in the model insulator.
Reckoning from the curve given in Fig. 28, and counting
only the area of the external surface of the films (the
surface next the glass) the power spent at 500 volts was at
the rate of 0*0035 watt per sq. in. Hence the film might
possibly have risen in temperature by a fraction of one
degree C, if it had not had the glass to cool it.

Replying to Professor Miles Walker the dormant water
experiment was originally carried out with distilled water,
and gave much the same values for the proportion of
resistance water. The result was so unexpected that we
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repeated the experiment with a water of much higher
conductivity in order to be sure that it remained sub-
stantially unchanged throughout the test. Professor Miles
Walker cannot be more astonished than I was at the con-
stancy of the ratio R*,/RIOT,. It actually constituted a
stumbling-block to rational experiment because no matter
what change was made in the experimental conditions the
moisture curve remained practically the same. However,
in the light of the model insulator the difficulty largely
disappears. No matter what the absorbent material may
be, the same fundamental conditions are always present:
the positively charged water, the potential gradient,
surface tension, and fluid friction. I feel that if these
quantities could all be equated we could construct a
rational formula to the moisture curve.

Mr. Peck asked how much time was occupied over the
readings. If the insulator was fairly stable, and the
capacity current negligible compared with the leakage
current, the galvanometer could be read at once. With
unstable insulators it is generally advisable to wait a few
minutes before observing the current, and where the
capacity current is comparatively large it is essential to
wait—sometimes for half an hour or more. But even with
an insulator as sluggish as the model is in coming to a
steady state, quite a good curve may be obtained by
taking the readings as quickly as possible, and although
the resistance values are considerably higher in conse-
quence, yet the curve has the normal shape. For example,
in Fig. 31, curve B was plotted from readings which I
took at the Institution as rapidly as the ohmmeter would
permit.

I cannot agree with Mr. Cramp that the vapour in the
air bubble would have any sensible conductivity at the
low potential gradients which generally prevail through-
out the greater part of the moisture curve, but of course
as the voltage rises there must come a time when the
current through the vapour can no longer be neglected.

Mr. Cunliffe's experiment with the moist sand is a good
example of the action of endosmose in driving the water
away from the positive electrode. With alternating
current I think the water should leave both electrodes
and collect somewhere in between them. I have not
noticed any rise of resistance consequent on a prolonged
application of pressure during the tests given in the paper,
although I have been on the look-out for it. Probably the
test-pieces always held a sufficient quantity of dormant
water to supply the stream through the film for a long
time, but the point is at present rather obscure.

Mr. Crellin refers, as Mr. Bairsto had already done, to
Appleyard's experiments on the contact between an insu-
lator and the electrodes. Of course I accept the facts,
but none of the hypotheses which have been put forward
by way of explanation carry conviction to my mind. For
one thing, the way in which the moisture curve retains its
normal curvature throughout a wide range of moisture
condition is quite inconsistent with any kind of effect at

the terminals. Mr. Appleyard took a thin sheet of press-
pahn and, with solid electrodes making light contact,
he traced the voltage-resistance curve. This curve is
a typical moisture curve, the ratio RJR1OT/ being about
2-6, and the hysteresis effect is well marked. Finding,
as I have since done (see Fig. 16), that pressing the
electrodes into firmer contact with the insulator greatly
reduced the curvature, Mr. Appleyard next tried the far
more perfect contact made by fluid mercury electrodes,
and discovered that the resistance of the press-pahn no
longer varied with the potential difference. This remark-
able experiment not unnaturally suggested that the voltage-
resistance curve was the result of something going on at the
electrodes, some kind of contact effect ; but I am going
to suggest another explanation which tallies better with
the facts as we now know them. To obtain any flow,
any motion, in the moisture films, it is, I believe, essential
that the capillary channels should have free access to
the air at both ends, a condition which is of course
perfectly fulfilled by the little tubes in the model. Plug
the tubes, stop the ends of the capillary channels in an
absorbent insulator, and I think it would no longer be
possible to obtain any motion by the action of endosmose.
But if the water cannot flow the films cannot increase their
thickness, and hence we should expect the resistance of
a plugged channel to remain constant notwithstanding
changes in potential difference. Now as we press the
electrodes more and more firmly into contact with the
porous insulator, we may be simply stopping up the pores
one after another, and by means of his mercury electrodes
Mr. Appleyard may have plugged the whole of them. Of
course this is but a guess ; I have not had time to test it by
experiment. But if I am right, then we should expect
mercury electrodes to have the greatest effect, in stop-
ping the action of endosmose, when they are applied to
a thin sheet of insulating material; and to have less and
less effect as the insulator was made thicker and air was
able to find its way in through the edges or sides of the
porous body.

Mr. Atkinson has made a most interesting and helpful
contribution to the discussion. In the unavoidable process
of compressing my paper into a reasonable length I rather
reluctantly cut out a description of the mode in which
moisture is deposited in a thin and invisible film which,
as it thickens, collects into visible drops. But I am
rewarded for my self-denial because Mr. Atkinson has
now described what goes on much more fully than I had
done and with far more knowledge than I possess.

By the way, I recall that it was in 1888 that my attention
was first directed to the subject of insulation testing by
Mr. Atkinson and the late Mr. Walter Goolden. They
suggested that I should devise something by way of im-
provement on the portable battery and galvanometer
which was in general use at that time. Twenty-five
years have gone by, and I am still looking for an,
improved method.


